1. Introduction {#sec1}
===============

Electrical and electronic devices are rapidly being downsized. The density of heat generated in such devices is continuously increasing because of their enhanced power density. Although metallic heat spreaders and heat sinks have widely been used in these devices, they are not yet sufficient to address the heat generated in advanced devices. Therefore, electrically insulating polymer components in the devices also require high thermal conductivity.

The thermal conductivity of typical amorphous polymers (approximately 0.1--0.5 W m^--1^ K^--1^) is around 2--3 orders of magnitude lower than that of metals and ceramic materials.^[@ref1]^ Generally, ceramic particles with high thermal conductivity, such as alumina (Al~2~O~3~),^[@ref2]−[@ref4]^ boron nitride (BN),^[@ref5]−[@ref8]^ and aluminum nitride (AlN),^[@ref9]−[@ref11]^ have been added into polymers to increase the thermal conductivity. Adding a large amount of ceramic particles, however, likely degrades some key properties such as adhesiveness and lightweight. Therefore, the polymers themselves also require an increased thermal conductivity. For instance, Shen et al.^[@ref12]^ reported a thermal conductivity of 104 W m^--1^ K^--1^ for polyethylene crystalline nanofibers, while Xu et al.^[@ref13]^ reported 62 W m^--1^ K^--1^ for a polyethylene film. These thermal conductivities were achieved by fabrication with a high draw ratio. On the other hand, liquid crystalline (LC) polymers with high thermal conductivity have also been investigated. Geibel et al.^[@ref14]^ reported a value of 5.2 W m^--1^ K^--1^ for a uniaxially oriented nematic (N) LC acrylate polymer, which was photopolymerized from an LC diacrylate monomer by UV irradiation on the rubbed polyimide film. Kang et al.^[@ref15]^ showed a discotic LC (DLC) polymer with a thermal conductivity of 3.0 W m^--1^ K^--1^, which was photopolymerized using a thiol--ene reaction between DLC molecules. Their group^[@ref16]^ also reported 2.5 W m^--1^ K^--1^ for a smectic-A (SmA) LC film for use as a thermal interface material.

Among polymers, epoxy resins (ERs) have found diverse applications because of their abundance of properties, such as high thermal resistance, electrical insulation, moldability, and adhesiveness. These properties suit the requirements of components in electrical and electronic devices. Therefore, ERs with high thermal conductivity would be desirable for heat dissipation in such applications. To date, various LC epoxy resins (LCERs) have been synthesized^[@ref17]−[@ref26]^ and intensively investigated because of their outstanding properties, including high thermal conductivity,^[@ref27]−[@ref32]^ fracture toughness,^[@ref33]−[@ref36]^ and moisture resistance,^[@ref37]^ in addition to the properties of general liquid crystals and amorphous ERs. Regarding thermal conductivity, LC epoxy monomers can spontaneously form LC ordering derived from the mesogenic core in the molecules. Such LC ordering is maintained or developed during cross-linking with a curing agent, which can suppress phonon scattering to improve the thermal conductivity.^[@ref27]^ Although the thermal conductivity of LCERs varies with their chemical structures, LC ordering, etc., the values (0.29--0.96 W m^--1^ K^--1^)^[@ref27],[@ref28],[@ref32]^ were much higher than those of conventional amorphous ERs (0.17--0.21 W m^--1^ K^--1^). Moreover, Song et al. reported^[@ref29]^ that the thermal conductivity of an LCER could increase to 1.16 W m^--1^ K^--1^ by forming spherical domains with a diameter over 80 μm.

The thermal conductivity of an aligned LCER in the direction of the molecular chains is much higher than that in the transverse direction of the molecular chains. Thus, forming a uniaxial alignment of molecular chains by using electric^[@ref38]^ and magnetic^[@ref28],[@ref39],[@ref40]^ fields has been effective in improving the thermal conductivity. In our preceding study, the ceramic substrate surface also affected the formation of a uniaxial alignment in an LCER. Specifically, the direction of the cured LCER's molecular orientation depended on the surface free energy of the substrate.^[@ref41]^ The thermal conductivity of the cross-linked LCER forming a homeotropically aligned SmA structure on a substrate with high surface free energy was 0.81--5.8 W m^--1^ K^--1^.^[@ref41]^ According to wide-angle X-ray diffraction and grazing-incidence small-angle X-ray scattering (SAXS) measurements, this outstanding thermal conductivity resulted from the macroscopically uniaxially aligned SmA structure.^[@ref41]^ The distance of influence has not been fully elucidated, however, for a ceramic substrate's surface effect on the homeotropic alignment formation by an LCER. Therefore, because a synchrotron radiation microbeam SAXS (μSAXS) measurement is effective in revealing a local structure,^[@ref42],[@ref43]^ in this study, we carried out a μSAXS measurement to investigate the distance of influence of the substrate's surface effect on the formation of the homeotropically aligned SmA structure with high thermal conductivity in the vertical direction. Consequently, the effective distance was found to be approximately 21 μm for an LCER to form a homeotropically aligned SmA structure by the surface effect. Moreover, the 20 μm thick LCER film was fabricated, and it was confirmed that the LCER formed a homeotropically aligned monodomain-like SmA structure with an orientational order parameter of 0.70--0.73 throughout the whole film.

2. Experimental Section {#sec2}
=======================

2.1. Glass Substrate Preparation {#sec2.1}
--------------------------------

Amorphous soda--lime--silica glass substrates (Matsunami Micro Slide Glasses) with two different kinds of surface states were prepared. One was thermally treated at 250 °C for 10 min in the atmosphere (hereinafter called **G**~**L**~), and the other was UV/ozone-treated for 10 min (4.1 J/cm^2^) after the thermal treatment (hereinafter called **G**~**H**~). The surface free energies of the **G**~**L**~ and **G**~**H**~ states were calculated as 46.3 and 72.7 mN m^--1^, respectively, in a previous study.^[@ref41]^

2.2. Preparation of Cured **TM**/**DAN** Mixtures on Glass Substrates {#sec2.2}
---------------------------------------------------------------------

A tricyclic mesogenic epoxy monomer (Sumitomo Chemical, hereinafter called **TM**) and 1,5-diaminonaphthalene (Sun Chemical, hereinafter called **DAN**) were used as received. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the chemical structures of **TM** and **DAN**. **TM** exhibits a phase transition sequence on heating crystalline (Cr) (97 °C) SmA (140 °C) isotropic (Iso) and on cooling Iso (139 °C) N (138 °C) SmA (50 °C) Cr.^[@ref32],[@ref41]^

![Chemical structures of (a) **TM**, a tricyclic mesogenic epoxy monomer, and (b) **DAN**, a curing agent.](ao0c01603_0002){#fig1}

**TM** and **DAN** in a 1:1 stoichiometric ratio were dissolved in tetrahydrofuran, which was vaporized at ambient temperature for 24 h. Droplets of the **TM**/**DAN** mixture were cured on the prepared **G**~**L**~ and **G**~**H**~ substrates at 150 °C for 2 h. The diameter of the droplet was 15--20 mm.

The cured **TM**/**DAN** droplets on the substrates were then molded with an amorphous ER (jER828) (Mitsubishi Chemical) and triethylenetetramine (T0429) (Tokyo Chemical) at a ratio of 10:1 by weight. The molded resin was defoamed with a vacuum pump and cured at 80 °C for an hour. The resultant molded samples were cut in a direction perpendicular to the substrates in slices approximately 100 μm wide, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01603/suppl_file/ao0c01603_si_001.pdf).

2.3. Structural Analyses of the **TM**/**DAN** Mixture {#sec2.3}
------------------------------------------------------

The local structure of the cured **TM**/**DAN** mixture was determined by μSAXS measurements at a SPring-8 BL03XU beamline equipped with a PILATUS 1M detector (Dectoris). The diameter of the synchrotron microbeam was 1.5 μm, and the wavelength was 1.05 Å. The microbeam's incident light was perpendicular to the cut surface of the cured **TM**/**DAN** mixture. The spot of a synchrotron microbeam was adjusted by observing the samples under a microscope, as shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01603/suppl_file/ao0c01603_si_001.pdf).

3. Results and Discussion {#sec3}
=========================

3.1. Characteristics of **TM**/**DAN** on the G~L~ and G~H~ Substrates {#sec3.1}
----------------------------------------------------------------------

The surface effects on the molecular orientations of **TM**/**DAN** droplets cured on the **G**~**L**~ and **G**~**H**~ substrates were investigated by utilizing μSAXS measurements. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows μSAXS patterns of the cured **TM**/**DAN** droplet on the **G**~**L**~ substrate, measured at a distance of 2 μm from the substrate surface. The patterns show first-, second-, and third-order rings corresponding to Sm layers with a periodicity of 22.6--22.8 Å. The azimuthal directions of the maximum SAXS intensities measured by varying the *x*-coordinate were random, as seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. This indicates that the **TM**/**DAN** mixture formed a polydomain of the SmA structure and that the normal direction of the Sm layers in each domain was random in the vicinity of the substrate, as illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![(a--d) μSAXS patterns of the cured **TM**/**DAN** mixture on a **G**~**L**~ substrate, measured at intervals of 100 μm in the *x*-direction taken using a PILATUS 1M detector. The microbeam spot was set 2 μm from the substrate surface. The scale bar in (d) applies for all images.](ao0c01603_0003){#fig2}

![Models of (a) polydomain SmA structure in the vicinity of the **G**~**L**~ substrate and (b) μSAXS measurement spots.](ao0c01603_0004){#fig3}

μSAXS was also performed by varying the *z*-coordinate, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. In the vicinity of the **G**~**L**~ substrate and the bulk region, the azimuthal directions of the maximum SAXS intensities were random (a--i), although the direction was horizontal in the vicinity of the air interface (j--l). This indicates that the normal directions of the Sm layers were random in the vicinity of the substrate surface and the bulk region but horizontal in the vicinity of the air interface, as illustrated in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. This may be attributed to the surface tension at the air interface.

![μSAXS patterns of a 270 μm thick **TM**/**DAN** droplet on a **G**~**L**~ substrate. The microbeam spot was set at a position of (a) 1, (b) 4, (c) 13, (d) 28, (e) 58, (f) 118, (g) 178, (h) 205, (i) 250, (j) 262, (k) 265, and (l) 268 μm from the surface of the substrate. The scale bar in (h) applies for all images.](ao0c01603_0005){#fig4}

![Models of (a) polydomain SmA structure in the bulk region on the **G**~**L**~ substrate, (b) planar orientation structure at the air interface, and (c) μSAXS measurement spots.](ao0c01603_0006){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows μSAXS patterns of the **TM**/**DAN** mixture on the **G**~**H**~ substrate, measured 2 μm from the substrate surface. The patterns exhibit first-, second-, and third-order spots in the vertical direction, corresponding to the Sm layers with a periodicity of 22.6--22.8 Å but not rings. This indicates that the normal direction of the Sm layers was aligned homeotropically in the vicinity of the high-free-energy surface, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}.

![(a--d) μSAXS patterns of a thick **TM**/**DAN** droplet on a **G**~**H**~ substrate, measured at intervals of 100 μm in the direction parallel to the substrate surface. All the beam spots were 2 μm from the surface of the substrate. The scale bar in (d) applies for all images.](ao0c01603_0007){#fig6}

![Models of (a) homeotropically aligned SmA structure in the vicinity of the **G**~**H**~ substrate and (b) μSAXS measurement spots.](ao0c01603_0008){#fig7}

Then, to investigate the distance of influence of the **G**~**H**~ substrate's surface effect, μSAXS was performed by varying the *z*-coordinate. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a--g displays the spots in the vertical and transverse directions, and the spots in the vertical direction are much more obvious than those in the transverse direction in μSAXS patterns obtained within 21 μm of the substrate surface. Moreover, the first-, second-, and third-order spots were all detected in the vertical direction in the patterns obtained in the region. These distinct spots in the vertical direction were derived from the homeotropically aligned SmA structure, as illustrated in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. The 21 μm length of homeotropic alignment was presumed to form by the following process: Initially, the molecules contacting the surface were homeotropically aligned by the surface effect. Then, other molecules near the aligned molecules were also homeotropically aligned by the π--π interaction of the mesogenic cores. Finally, **TM**/**DAN** formed the SmA domains,^[@ref41]^ in which the molecules were homeotropically aligned, and the domains grew to an order of 10 μm from the substrate surface during curing. In fact, it was reported that an LCER formed over 80 μm of Sm domains.^[@ref29]^ Thus, the long-distance homeotropic alignment was considered to form accordingly.

![μSAXS patterns of a 161 μm thick **TM**/**DAN** droplet on a **G**~**H**~ substrate. The beam spot was set at a position of (a) 1, (b) 4, (c) 7, (d) 10, (e) 13, (f) 16, (g) 21, (h) 45, (i) 75, (j) 105, (k) 135, and (l) 159 μm from the substrate surface. The scale bar in (l) applies for all images.](ao0c01603_0009){#fig8}

![Models of (a) homeotropically aligned SmA structure in the vicinity of the **G**~**H**~ substrate, (b) polydomain SmA structure in the bulk region, (c) planar orientation structure at the air interface, and (d) μSAXS measurement spots.](ao0c01603_0010){#fig9}

In the middle of the **TM**/**DAN** droplet, the azimuthal directions of the maximum SAXS intensities were random ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}h--k). This suggests that the **TM**/**DAN** mixture formed a polydomain of the SmA structure and that the normal direction of the Sm layers in each domain was random ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b). Therefore, in the middle region, the surface effect of the **G**~**H**~ substrate was not effective in forming a homeotropic alignment. In the vicinity of the air interface, on the other hand, the μSAXS spots appeared in the horizontal direction ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}l), which indicates that the **TM**/**DAN** mixture on the **G**~**H**~ substrate formed a planar alignment as it did on the **G**~**L**~ substrate ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c).

Moreover, the Sm orientation at the edge of the thick **TM**/**DAN** droplet on a **G**~**H**~ substrate was investigated for further information. Consequently, the μSAXS patterns obtained near the edge of the droplet, shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, revealed that the homeotropic alignment formed through the thickness of the droplet.

![μSAXS patterns of a thick **TM**/**DAN** droplet on a **G**~**H**~ substrate. The beam spot was set at a position of (a) 3, (b) 6, and (c) 9 μm from the substrate surface in the vicinity of the edge. The thickness of the droplet near the edge was approximately 10 μm.](ao0c01603_0011){#fig10}

3.2. Characteristics of the Thin **TM**/**DAN** Film on the G~H~ Substrate {#sec3.2}
--------------------------------------------------------------------------

A **TM**/**DAN** film of a thickness of 20 μm was also fabricated to form a homeotropic alignment throughout the whole film. In the μSAXS patterns of the bottom and middle regions, shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a--c, first-, second-, and third-order spots corresponding to Sm layers with a periodicity of 22.5 Å appeared in the vertical direction. Moreover, a SAXS spot appeared in the vertical direction in the vicinity of the air interface, although the main spot was relatively obscure ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}d). Also, a *q*~*z*~ scan, shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, revealed that the main peak of the SAXS profile measured near the air interface was relatively broad and that the corresponding Sm layer periodicity was longer (*d* = 23.4 Å). The homeotropic alignment may have derived from the fact that in the case of a thin **TM**/**DAN** film, the **G**~**H**~ substrate's surface effect was more effective in aligning the molecules homeotropically at the air interface than the surface tension was in aligning them planarly. Then, the mixture was completely cured while retaining the homeotropic alignment. Thus, the **TM**/**DAN** mixture formed a homeotropically aligned SmA structure throughout the whole film.

![μSAXS patterns of a thin **TM**/**DAN** film on a **G**~**H**~ substrate. The beam spot was set at a position of (a) 1, (b) 5, (c) 10, and (d) 20 μm from the substrate surface. The scale bar in (d) applies for all images.](ao0c01603_0012){#fig11}

![*q*~*z*~ scans of μSAXS patterns of a thin **TM**/**DAN** film on a **G**~**H**~ substrate. The beam spot was set at a position of (a) 1, (b) 5, (c) 10, and (d) 20 μm from the substrate surface.](ao0c01603_0013){#fig12}

The orientational order parameter (*S*) of the homeotropically aligned *S*m layers in the thin **TM**/**DAN** film was also investigated. First, azimuth angle (χ) scans, shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}, were obtained from the first μSAXS spots in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}.

![χ scans obtained from the first spots in μSAXS patterns for a thin **TM**/**DAN** film on a **G**~**H**~ substrate. The beam spot was set at a position of (a) 1, (b) 5, (c) 10, and (d) 20 μm from the substrate surface.](ao0c01603_0014){#fig13}

Next, *S* was calculated from the χ scans by the following equations^[@ref39]−[@ref41]^where *I* and α denote the SAXS intensity and the angle between the Sm layer plane and the substrate surface, respectively. Here, α can be calculated via the relation cos α = cos χ cos θ, where θ is the Bragg angle for the scattering. Then, *I*(α) was obtained by fitting with a Lorentzian function, as seen in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}. [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"} shows graphs of *I*(α)sin α cos^2^ α and *I*(α)sin α obtained from these calculations. Consequently, *S* was estimated as 0.70, 0.71, 0.71, and 0.73 from the μSAXS patterns measured at positions of 1, 5, 10, and 20 μm from the **G**~**H**~ substrate surface, respectively.

![μSAXS intensities depending on the angle α for the homeotropically aligned **TM**/**DAN** film cured on the **G**~**H**~ substrate. The beam spot was set at a position of (a) 1, (b) 5, (c) 10, and (d) 20 μm from the substrate surface. Black and red lines indicate the experimental results and Lorentzian fitting curves, *I*(α) = *h*/\[1 + (α -- *u*)^2^/*w*^2^\] + *b*, which were calculated using a solver function in Microsoft Excel. Here, the experimental results of maximum intensities, angles at the maximum intensities, full widths at half-maximums, and background intensities were assigned to the initial values of *h*, *u*, *w*, and *b* for the calculations, respectively.](ao0c01603_0015){#fig14}

![Graphical exhibitions of *I*(α)sin α cos^2^ α and *I*(α)sin α for determining *S* for the homeotropically aligned **TM**/**DAN** film cured on the **G**~**H**~ substrate. The beam spot was set at a position of (a) 1, (b) 5, (c) 10, and (d) 20 μm from the **G**~**H**~ substrate surface.](ao0c01603_0016){#fig15}

A previous study reported that a homeotropically aligned SmA structure of **TM**/**DAN** with an orientational order parameter of 0.73--0.75 had a thermal conductivity of 0.81--5.8 W m^--1^ K^--1^ along the normal direction of the Sm layers.^[@ref41]^ According to our μSAXS analyses at SPring-8, the homeotropic alignment formed within the range of approximately 21 μm from the surface of a substrate with sufficiently high surface free energy. Moreover, a homeotropically aligned monodomain-like SmA structure with an orientational order parameter of 0.70--0.73 formed throughout the entire film with a thickness of 20 μm. Thus, to obtain high thermal conductivity in the vertical direction, a **TM**/**DAN** film should be formed with a thickness of less than 21 μm on a substrate with high surface free energy.

4. Conclusions {#sec4}
==============

The local ordering structure of a cured **TM**/**DAN** droplet was investigated by synchrotron radiation μSAXS to reveal the distance of influence of the substrate's surface effect on the formation of a homeotropically aligned SmA structure with high thermal conductivity in the vertical direction. As a result, cured **TM**/**DAN** on a **G**~**H**~ substrate surface formed a homeotropically aligned SmA structure in the region within 21 μm of the substrate surface, although cured **TM**/**DAN** in the vicinity of a **G**~**L**~ substrate surface formed a polydomain SmA structure in which the normal direction of the layers was random in each domain. Therefore, we fabricated a 20 μm thick **TM**/**DAN** film on a **G**~**H**~ substrate surface and confirmed that **TM**/**DAN** formed a homeotropically aligned, monodomain-like SmA structure with an orientational order parameter of 0.70--0.73 throughout the whole film. This film with high thermal conductivity is expected to be applicable for adhesives and coatings for electrical and electronic devices.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01603](https://pubs.acs.org/doi/10.1021/acsomega.0c01603?goto=supporting-info).(1) Sample preparation scheme for μSAXS measurements and (2) optical micrograph observation for adjustment of microbeam spots ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01603/suppl_file/ao0c01603_si_001.pdf))
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